In many eukaryotes, endoplasmic reticulum (ER) stress activates the unfolded protein response (UPR) via the transmembrane endoribonuclease IRE1 to maintain ER homeostasis. The ER stress response in microalgae has not been studied in detail. Here, we identified Chlamydomonas reinhardtii IRE1 (CrIRE1) and characterized two independent knock-down alleles of this gene. CrIRE1 is similar to IRE1s identified in budding yeast, plants, and humans, in terms of conserved domains, but differs in having the tandem zinc-finger domain at the C terminus. CrIRE1 was highly induced under ER stress conditions, and the expression of a chimeric protein consisting of the luminal N-terminal region of CrIRE1 fused to the cytosolic C-terminal region of yeast Ire1p rescued the yeast Δire1 mutant. Both allelic ire1 knock-down mutants ire1-1 and ire1-2 were much more sensitive than their parental strain CC-4533 to the ER stress inducers tunicamycin, dithiothreitol and brefeldin A. Treatment with a low concentration of tunicamycin resulted in growth arrest and cytolysis in ire1 mutants, but not in CC-4533 cells. Furthermore, in the mutants, ER stress marker gene expression was reduced, and reactive oxygen species (ROS) marker gene expression was increased. The survival of ire1 mutants treated with tunicamycin improved in the presence of the ROS scavenger glutathione, suggesting that ire1 mutants failed to maintain ROS levels under ER stress. Together, these results indicate that CrIRE1 functions as an important component of the ER stress response in Chlamydomonas, and suggest that the ER stress sensor IRE1 is highly conserved during the evolutionary history.
INTRODUCTION
Chlamydomonas reinhardtii is a unicellular microalga that belongs to the Chlorophyta. It is a model organism for diverse studies, including photosynthesis, flagellar function and lipid metabolism (Harris, 2009) . Recently, stressinduced lipid accumulation in Chlamydomonas has been studied extensively, because of potential applications in biofuel production (Merchant et al., 2012) ; however, the molecular components and mechanisms underlying stress responses in this organism remain largely unknown.
An important stress response common to many eukaryotes studied to date is the endoplasmic reticulum (ER) stress response, which is induced by biotic and abiotic stresses such as pathogen infection, temperature stress, salt stress, wounding, and the ER stress agents tunicamycin and dithiothreitol (DTT) (Takatsuki et al., 1975; Howell, 2013) . Tunicamycin inhibits protein glycosylation, whereas DTT influences the redox state. Such drugs and stresses interfere with the successful folding of the proteins in the ER, causing an accumulation of misfolded/unfolded proteins in the ER. To protect the cell, the ER responds by activating intracellular signal transduction pathways. Three different sensors of the ER stress transducers have been identified in mammals: inositolrequiring enzyme 1 (IRE1), activating transcription factor 6 (ATF6) and protein kinase RNA (PKR)-like ER kinase (PERK), each defining a distinct arm of the ER stress response mechanisms. In each case, an ER-resident membrane protein senses the protein-folding status and transmits this information from the ER membranes to the nucleus. This transmission induces the expression of unfolded protein response (UPR) genes, which encode molecular chaperones, folding enzymes, lipid biosynthesis enzymes, and components of the ER-associated protein degradation pathway. ER stress/UPR activation modulates a wide range of lipid metabolic pathways, resulting in increases in triacylglycerol biosynthesis and lipid droplet induction (Lee et al., 2008a; Fei et al., 2009; Volmer and Ron, 2015) . Previously, a report on the ER stress response in Chlamydomonas indicated that tunicamycin induces ER stress and oxidative stress in Chlamydomonas cells (Perez-Martin et al., 2014) ; however, the molecular components of the ER stress response pathway in Chlamydomonas have not been revealed.
Inositol-requiring enzyme 1 is a well-conserved ER stress sensor among humans, yeast and plants. IRE1 is a dual-functioning protein that has both kinase and ribonuclease (RNase) activities. Under ER stress conditions, IRE1 dimerizes and then auto-phosphorylates, triggering its RNase activity, which splices an mRNA that encodes a transcription factor named Hac1 in yeast, X-box binding protein 1 (XBP1) in metazoans and bZIP60 in Arabidopsis thaliana (Kimata and Kohno 2011; Ron and Walter, 2007; Howell, 2013) . Although the IRE1 gene was annotated in Phytozome v12 (Chlamy genome v5.5), it is not yet known whether it indeed functions as an important factor in the ER stress response of Chlamydomonas or any other microalgae. Here, we characterized the responses of Chlamydomonas cells exposed to ER stress conditions and identified CrIRE1 as an important ER stress sensor in this single-celled microalga. Our results revealed that Chlamydomonas has an ER stress-sensing factor similar to those present in budding yeast, plants and humans, but with some unique features. Thus, the core ER stress-sensing factor IRE1 is evolutionarily conserved in a wide range of organisms.
RESULTS
The ER stress inducer tunicamycin triggers growth arrest and chlorosis in Chlamydomonas strain To confirm that Chlamydomonas cells respond to the ER stress inducer tunicamycin, and to determine the effective concentration of tunicamycin, we treated cells of the Chlamydomonas strain CC-4533 with several concentrations of tunicamycin. The CC-4533 cell cultures treated for 12 h with 1, 5 or 10 lg ml À1 tunicamycin were paler than the untreated control culture ( Figure 1a ). Microscopic observation revealed aggregations of cells in four-cell units and also in random numbers (Figure 1b, black arrowheads) in the drug-treated cultures. The extent of these symptoms became more severe with time and concentration of the drug; after 24 h of treatment with 10 lg ml À1 tunicamycin, the cells became chlorotic (Figure 1b , white arrowheads). In contrast to the untreated culture, which rapidly increased in cell number, cell cultures treated with tunicamycin stopped dividing and only maintained the cell number ( Figure 1c , left panel). A propidium iodide exclusion assay revealed that the number of viable cells decreased in cultures treated with 10 lg ml À1 tunicamycin ( Figure 1c , right panel).
Chlamydomonas IRE1 harbors a tandem zinc-finger domain in addition to conserved kinase and RNase domains
To identify the molecular components of the ER stress response in Chlamydomonas, we searched for orthologs of the ER stress sensors PERK, ATF6 and IRE1 from the Chlamydomonas genome database at Phytozome v12 using BLAST searches for homologous proteins, and also for conserved domains. We found only one IRE1 ortholog, which we named CrIRE1, but no counterparts of PERK or ATF6. Thus, we focused our study on CrIRE1, and examined whether this protein is an ER stress sensor in Chlamydomonas cells. We first aligned the amino acid sequence of CrIRE1 with those of three IRE1s that have been extensively studied (i.e. from Arabidopsis, yeast and human; Figure S1 ). CrIRE1 contained kinase and RNase domains, which are well conserved among all of these taxa ( Figure S1) ; however, the BiP binding domain present in the N-terminal half of yeast Ire1p protein (Kimata et al., 2004) was not apparent in CrIRE1. The four motifs in the N-terminal side of the four IRE1s were highly variable ( Figure S1 ). In addition, in contrast to other IRE1 proteins, CrIRE1 had an extended C-terminal end of about 400 amino acids. To better understand the evolutionary relationship of IRE1 genes, we collected homologs of IRE1 sequences from a wide range of organisms available in GenBank. We then constructed phylogenetic trees based on the amino acid sequences (Figures S2a and S3 ). IRE1s of all chlorophyte species clustered together, as found in a monophyletic group of all streptophyte species (including Charophyta and Embryophyta). Most IRE1s have an extension in the luminal domains (except diatom species), but only chlorophyte species, including CrIRE1, contained one or two CCCH zinc-finger domains at the C terminus (Figures S2a and S3) . The unique zinc-finger domain in the chlorophyte species was confirmed in our next alignment of IRE1 proteins, including additional species from the Chlorophyta and Streptophyta ( Figure S4 ). Furthermore, in the luminal region at the N terminus, CrIRE1 shares several conserved segments with homologs from other chlorophyte and streptophyte species ( Figure S4 ).
We then tested whether CrIRE1 expression increases under ER stress conditions. CC-4533 cells were treated with tunicamycin, and the CrIRE1 transcript levels were measured using quantitative RT-PCR. The CrIRE1 transcript levels increased over time, reaching a level that was 13-fold that of non-treated cells at 12 h of treatment with 1 lg ml À1 of tunicamycin ( Figure S2b ). The ER stressinduced increase in IRE1 transcript level was also observed in Arabidopsis (Moreno et al., 2012) , the IRE1 orthologs of which have been shown to have major functions in ER stress responses. Thus, the increase in CrIRE1 transcript is consistent with its potential role in the ER stress response.
Functional evaluation of CrIRE1 as an ER stress factor in yeast
Next, we investigated whether Chlamydomonas IRE1 can function as an ER stress sensor in yeast cells. To this end, we introduced a codon-optimized Chlamydomonas IRE1 with or without its tandem zinc-finger (TZF) domain (top three constructs shown in Figure 2a ) into the yeast Δire1 strain KMY1515 (Okamura et al., 2000) . The expression of Chlamydomonas IRE1, either with or without the TZF domain, as determined by Western blot analysis using CrIRE1 antibody ( Figure S5 ), did not improve the growth of the yeast Δire1 mutant in medium containing 0.2 lg ml
À1
tunicamycin, compared with the empty vector control, whereas the expression of yeast Ire1p restored wild-type growth of the Δire1 mutant in the same medium (Figure 2b ).
To test whether there is any domain of CrIRE1 that can replace the corresponding domain in ScIRE1 of budding yeast, we then performed a domain-swap experiment. For this purpose, we generated chimeric gene constructs containing various regions of CrIRE1 and ScIRE1 (bottom three constructs shown in Figure 2a ). The N-terminal region included the part of the protein predicted to be localized in the ER lumen and required for sensing unfolded proteins, whereas the C-terminal region included the kinase and RNase domains. When expressed in Δire1 yeast (strain KMY1515), the CrIRE1/ScIRE1 construct complemented the growth inhibition phenotype of yeast Δire1 on tunicamycin containing medium (Figure 2c) , suggesting that the luminal domain of CrIRE1 functionally substituted for the same domain of ScIRE1. To further test this possibility, we then examined whether the yeast strain expressing CrIRE1/ ScIRE1 could induce UPR in response to ER stress. It was possible to check this by performing a b-galactosidase assay because the KMY1515 yeast strain we used for this experiment contained a chimeric gene consisting of the cis-element of the yeast BiP gene (a marker gene for UPR) fused to lacZ (Okamura et al., 2000) . When treated with 2 lg ml À1 tunicamycin, b-galactosidase activity increased in the KMY1515 line expressing CrIRE1/ScIRE1 to a similar extent as in the same yeast line expressing ScIRE1 (Figure 2d ), indicating that CrIRE1/ScIRE1 functions similarly to ScIRE1 in the UPR response to the ER stress-inducing drug. These results indicate that the N terminus of CrIRE1 functions as an ER stress sensor in yeast cells; however, neither ScIRE1/CrIRE1 nor ScIRE1/CrIRE1ΔTZF complemented the yeast Δire1 mutant phenotype (Figure 2c ).
Chlamydomonas ire1 mutants are hypersensitive to ER stress inducers
To decipher the physiological function of Chlamydomonas IRE1, we used ire1 mutants from the Chlamydomonas Mutant Library (CLiP, https://www.chlamylibrary.org). Figure 3a summarizes the antibiotic resistance gene insertion sites of the ire1-1 and ire1-2 mutants, which were identified by PCR (Figure 3b ). The ire1-1 and ire1-2 alleles contained an APHVIII DNA fragment inserted into the 13th and 18th introns of the CrIRE1 gene, respectively (Figure 3a and b), and their CrIRE1 transcript levels were reduced to 12.5 and 2.4% of that in the parental CC-4533 cells, respectively (Figure 3c) . Under control conditions, the color of the cultures and the morphology of ire1-1 and ire1-2 mutant cells were indistinguishable from those of CC-4533 ( Figure 4a and b) ; however, the mutants responded differently from CC-4533 when treated with tunicamycin. The two ire1 mutants, but not their parental stain CC-4533 cells, exhibited cytolysis at 12 h after treatment with 1 lg ml À1 tunicamycin (Figure 4b, red arrowheads) . After 48 h of 1 lg ml À1 tunicamycin treatment, most surviving ire1-1 and ire1-2 cells 
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Tm for 4 h. Three independent assays were carried out and standard errors were calculated. Statistical analysis was carried out using the Student's t-test (*P < 0.05). [Colour figure can be viewed at wileyonlinelibrary.com]
were chlorotic (Figure 4a and b). Furthermore, growth retardation induced by 1 lg ml À1 tunicamycin was much more severe in the ire1 mutants than in the CC-4533 cells ( Figure 4c ). Total chlorophyll degradation was also observed in the ire1 mutants ( Figure 4d ). Lipid droplets are often observed in Chlamydomonas cells under severe stress. Thus, we observed the time course of lipid droplet formation using the lipid-specific fluorescent dye, Nile red. In CC-4533 cells, lipid droplets were rarely observed during 48 h of treatment with 1 lg ml À1 tunicamycin ( Figure 4e ). By contrast, in the ire1 mutants, lipid droplets were numerous after 12 and 24 h of the same treatment, and were also frequently observed after 48 h of treatment ( Figure 4e ). The lipid droplets in the ire1 mutants seemed to localize at the ER, and not in the plastid ( Figure 4e ). Biochemical extraction of total lipids and quantification of the TAG content therein revealed that the TAG content (normalized by total fatty acid content) of ire1-1 and ire1-2 mutants was 4.5-and 6.0-fold higher, respectively, than that of the wild type at 12 h after tunicamycin treatment ( Figure 4f ). Taken together, these results indicate that the two ire1 mutants are hypersensitive to tunicamycin. We then treated the cells with two other drugs that trigger ER-stress: DTT and Brefeldin A (BFA). These drugs have been shown to induce ER stress by mechanisms differing from that of tunicamycin (Lippincott-Schwartz et al., 1990; Negroiu et al., 2000) . When treated with these drugs, the ire1-1 and ire1-2 mutants became more chlorotic than CC-4533 ( Figure S6 ). Thus, the two independent alleles of the ire1 mutants are hypersensitive to the three different ER stress inducers.
To test whether the tunicamycin-hypersensitive phenotypes of the ire1-1 and ire1-2 mutants were indeed the result of reduced expression of CrIRE1, the mutants were crossed to the strain with CC-5155, which is isogenic to CC-4533, and the progenies from each of the six zygotes formed were analyzed for their antibiotic resistance and tunicamycin sensitivity. The 2:2 segregation on Tris-acetate-phosphate (TAP) medium containing paromomycin, and the complete match of the antibiotic resistance and tunicamycin sensitivity (Figure 5a ) indicated that a single paromomycin resistance APHVIII gene insertion in the genome was responsible for the tunicamycin sensitivity of the two ire1 mutants. To determine whether the ire1-1 and ire1-2 mutants are recessive, we crossed the mutant lines with CC-5155, obtained diploids, and confirmed their genotypes (Figure 5b and c). The IRE1/ire1-1 and IRE1/ire1-2 diploid strains were tolerant to 0.2 lg ml À1 tunicamycin to a similar extent as the IRE1/IRE1 parental diploid strains (Figure 5d ), indicating that ire1-1 and ire1-2 are recessive, loss-of-function mutants.
Reactive oxygen species contribute to the hypersensitivity of Chlamydomonas ire1 mutants under ER stress A previous study revealed that prolonged UPR activation causes oxidative stress, leading to cell death in yeast cells (Haynes et al., 2004) . The induction of oxidative stress by tunicamycin treatment was also confirmed in Chlamydomonas cells (Perez-Martin et al., 2014) . We hypothesized that the cell death in ire1 mutants exposed to tunicamycin might be caused by the hyperaccumulation of reactive oxygen species (ROS) in the cells. To address this possibility, we measured the expression of Glutathione Peroxidase Homologous (GPXH) and Glutathione-S-transferase 1 (GSTS1) genes, which are induced by ROS (Fischer et al., 2007; Ledford et al., 2007) . Indeed, the expression levels of GPXH and GSTS1 in the ire1 mutants were higher than those in CC-4533 cells at 6 h after the onset of the tunicamycin treatment (Figure 6a) . Furthermore, the expression levels of GSH1 and GSH2, encoding c-glutamylcysteine synthetase and glutathione synthetase, respectively, decreased in ire1 mutants, but not in CC-4533 cells, under ER stress ( Figure 6b ). Accordingly, total GSH levels in ire1-1 and ire1-2 cells were 46 and 37% that of the levels in CC-4533 cells, respectively ( Figure 6c ). To test whether ROS contributed to the cell death observed in the ire1 mutants exposed to tunicamycin, we supplemented the medium with glutathione (GSH), an essential biological antioxidant, during the treatment of cells with tunicamycin (0.1 lg ml À1 ). In medium supplemented with 1.25 or 2.50 mM GSH, about half of the ire1 mutant cells could form colonies, whereas in medium with no supplemented GSH, fewer than 10% could (Figure 6d) , indicating that GSH ameliorated the tunicamycin hypersensitivity of the ire1 mutants. Together, these results support our conclusion that ire1 mutants fail to protect themselves from ROS under ER stress, which leads to their cell death.
CrIRE1 regulates the expression of ER stress marker genes in Chlamydomonas
To further test whether CrIRE1 functions in the ER stress response, we assayed the transcript levels of putative ER stress marker genes in the CC-4533 and ire1 mutants after treatment with 1 lg ml À1 tunicamycin. First, we examined the expression levels of BiP1 and CAL2 (chaperones), a core COPII protein Sar1 (membrane-trafficking) and the translocon gamma subunit SEC61G, which have been reported to be induced during ER stress in Chlamydomonas (Perez-Martin et al., 2014). As shown in Figure 7 , the expression levels of BiP1, CAL2, Sar1 and SEC61G increased in CC-4533 and in the two ire1 mutants upon treatment with tunicamycin, but the extent of the increase was less in the mutants, and the difference in expression levels between CC-4533 and the mutants was large after 6 h (Figure 7) , at a time point when most cells were still alive ( Figure 4c ). Next, we examined the expression levels of the genes encoding ER-resident oxidoreductase ERO1 and protein disulfide isomerases PDI6 and Pb60/PDI1A, which have been reported to be upregulated by tunicamycin treatment (Perez-Martin et al., 2014) . Indeed, the expression levels of ERO1, PDI6, and Rb60 increased in CC-4533 cells after both 6 and 12 h of ER stress treatment ( Figure 7) ; however, such an increase was not apparent or was much less apparent in the ire1 mutants (Figure 7) . The expression level of ATG8, the gene encoding a key molecular component involved in autophagy, also increased in response to tunicamycin treatment, but the extent of the increase did not differ significantly between CC-4533 and the mutants (Figure 7) . Taken together, these results suggest that CrIRE1 plays an important role in triggering the expression of some genes related to the ER stress response, but not in the expression of an autophagy-related ATG8 gene in Chlamydomonas exposed to ER stress.
DISCUSSION
In this study, we characterized responses induced by tunicamycin treatment of Chlamydomonas strain CC-4533, and identified CrIRE1 (encoded by Cre08.g371052) as the IRE1 ortholog in Chlamydomonas that regulates ER stress genes and plays an important role in the ER stress response. Tunicamycin treatment arrested Chlamydomonas cell growth, and induced aggregation and chlorosis in a concentration-dependent manner (Figure 1 ). Many cells aggregated in random numbers and also in four-cell units, which resemble palmelloid, a structure reported in stressed Chlamydomonas (Khona et al., 2016) . These results indicate that tunicamycin indeed induced severe stress in Chlamydomonas cells. Moreover, tunicamycin induced ER stress marker gene expression (Figure 7) . These results confirm that Chlamydomonas exhibits an ER stress responses, in agreement with a previous report (Perez-Martin et al., 2014) .
We obtained multiple lines of evidence that CrIRE1 is the authentic IRE1 gene that functions in the ER stress response in Chlamydomonas. First, CrIRE1 has domains Figure 7 . Expression levels of endoplasmic reticulum (ER) stress marker genes in ire1 mutants. The transcript levels of Chlamydomonas ER stress marker genes were assayed using quantitative RT-PCR. The cells were treated with 1 lg ml À1 tunicamycin for the indicated periods. Expression levels of CrIRE1 were normalized to that of RPL17. Error bars represent standard errors based on six biological replicates for 0, 6 and 12 h, and three biological replicates for 2 h (**P < 0.05; *P < 0.1).
© Figure S2 ). Second, the CrIRE1 knock-down mutants, ire1-1 and ire1-2, had a defect in the expression of a subset of ER stress response genes upon tunicamycin treatment (Figure 7) . Third, the mutants were hypersensitive to ER stress, exhibiting symptoms of severe stress, including cytolysis, lipid droplet formation and chlorosis, upon tunicamycin treatment (Figure 4) , and more severe chlorosis than their parental strain CC-4533 upon treatment with DTT or BFA ( Figure S6 ). The causal relationship between CrIRE1 knock-down and the hypersensitivity of the mutants was strongly supported by our genetic analysis revealing that ire1-1 and ire1-2 are recessive, loss-of-function mutants, exhibiting hypersensitivity to tunicamycin ( Figure 5 ). Fourth, the N-terminal region of CrIRE1 could replace that of ScIRE1 in complementing the yeast Δire1 mutant (Figure 2c ). It is noteworthy that the CC-4533 strain used in this study does not have a normal cell wall as a result of the cw15 mutation, and thus it is possible that the strain may have altered stress responses and/or partially activated stress responses even under normal growth conditions.
Comparison of CrIRE1 with IRE1s of other organisms
The N terminus of Chlamydomonas IRE1 could functionally replace the N terminus of ScIRE1 in complementing the hypersensitivity to tunicamycin of the yeast Δire1 mutant (Figure 2c ). The possibility that the N terminus of Chlamydomonas IRE1 does not have a function (and the C terminus of ScIRE1 functions alone) can be excluded, because even slight modifications of the N terminus of ScIRE1 were reported to cause severe defects in the ER stress response (Credle et al., 2005; Oikawa et al., 2005) . Similarly to the N terminus of CrIRE1, the N-terminal domain of IRE1s from higher plants and metazoans conjugated with the transmembrane domain, and the C terminus of ScIRE1 could rescue the hypersensitive phenotype of the yeast Δire1 mutant to tunicamycin in: Arabidopsis (Koizumi et al., 2001) ; Oryza sativa (rice; in Okushima et al., 2002) ; and human, mouse and Caenorhabditis elegans (Liu et al., 2000) . These results indicate that the N-terminal domain of CrIRE1, similarly to that of other organisms, senses the ER stress signal induced by tunicamycin and transfers the signal to the kinase and RNase domains, even though the amino acid sequences of this domain are not well conserved ( Figure S1 ). Interestingly, the N termini of IRE1 proteins in Viridiplantae contained several conserved domains ( Figure S4 ). More specifically, the luminal domain of CrIRE1 had several regions with similarity to those in Arabidopsis IRE1s. In Arabidopsis, IRE1 proteins play an important role in normal growth and reproductive development, in addition to the ER stress response: for instance, IRE1a and IRE1b function in root growth and male gametophyte development (Deng et al., 2013 (Deng et al., , 2016 . Thus, CrIRE1 might also have additional functions.
In contrast to the functional similarity of the CrIRE1 and ScIRE1 N termini, the C terminus of Chlamydomonas IRE1 could not functionally replace the C terminus of ScIRE1 ( Figure 2c) ; ScIRE1/CrIRE1 failed to recover the hypersensitivity of the yeast Δire1 mutant to tunicamycin. An amino acid sequence alignment of IRE1 proteins revealed that the C terminus of CrIRE1 has kinase and RNase domains that are well conserved in IRE1 proteins of yeast, Arabidopsis and humans ( Figure S1 ). CrIRE1 contains an additional 41 amino acids in the middle of the RNase domain, however, which is not found in IRE1 proteins of yeast, Arabidopsis or humans ( Figure S1 ). It would be interesting to investigate whether the additional amino acids underlie the difference in C-terminus functions between Chlamydomonas and yeast.
A distinctive feature of Chlamydomonas IRE1 is the existence of a tandem CCCH zinc-finger domain at the Cterminal end, which is common to the IRE1s of all chlorophyte species examined ( Figure S2a ). What might be the function of this motif? Proteins containing CCCH-type zinc fingers are RNA-binding proteins, whereas most of the other zinc-finger families are DNA-binding or protein-binding proteins (Bai and Tolias, 1996) . In animals, tandem CCCH zinc-finger domains have been shown to bind and recruit target mRNAs to the cytoplasm for mRNA decay (Taylor et al., 1996; Phillips et al., 2002) . In Arabidopsis, the tandem CCCH zinc-finger domain of AtC3H14 is required for binding the target mRNA for cell elongation (Kim et al., 2014) . Thus, the tandem CCCH zinc-finger domain in Chlamydomonas IRE1 may bind mRNA of the target bZIP transcription factor or multiple mRNAs to be degraded during regulated IRE1-dependent decay of mRNA (RIDD). It remains to be determined why only Chlorophyta species have the zinc-finger domain in IRE1 proteins, and how it functions during the ER stress response.
Reactive oxygen species stress contributes to the tunicamycin hypersensitivity of ire1 mutants Reactive oxygen species (ROS) stress marker genes were upregulated after 6 h of tunicamycin treatment in ire1 mutants (Figure 6a) . Thus, we suspected that the ROS levels in the mutants were high and that this contributed to the hypersensitivity of the ire1 mutant to ER stress. The positive effect of the ROS scavenger GSH on the survival of the ire1 mutants under ER stress (Figure 6d ) supports this explanation. The failure to induce GSH1 and GSH2, which encode c-glutamylcysteine synthetase and glutathione synthetase, respectively (Figure 6b) , and the consequent decrease in total GSH levels ( Figure 6c ) might have contributed to the increase in ROS levels in the ire1 mutants.
CrIRE1 knock-down mutants form lipid droplets under ER stress
Endoplasmic reticulum (ER) stress has been reported to induce triacylglycerol (TAG) accumulation and lipid droplets in many types of cell (in yeast, Fei et al., 2009; and in mammals, Ozcan et al., 2004; Oyadomari et al., 2008; Rutkowski et al., 2008) . In Chlamydomonas, ER stress induced by treatment with BFA induces lipid accumulation (Kato et al., 2013; Kim et al., 2013) . In this study, we observed that Chlamydomonas CC-4533 cells were under severe ER stress when exposed to tunicamycin at concentrations as low as 1 lg ml À1 , as evidenced by their growth arrest, aggregation (Figures 1 and 4) and increase in expression of ER stress response genes (Figure 7) . The tunicamycin treatment did not induce the accumulation of lipid droplets in CC-4533 cells, however (Figure 4e ). This result is consistent with a previous report that showed that 1-5 lg ml
À1
tunicamycin did not induce TAG formation in Chlamydomonas strain CC-4425 (Kato et al., 2013) ; however, the ire1 knock-down Chlamydomonas mutants accumulated lipid droplets under the same conditions (Figure 4e ), which was confirmed by the biochemical analysis of TAG content in the mutants (Figure 4f ). This may be because the ire-1 mutants, which lack CrIRE1, an ER stress antagonist, could not effectively withstand the stress imposed by the tunicamycin treatment, and thus experienced more severe stress than their parental line and, as a result, accumulated lipid droplets. In addition, this result also suggests that CrIRE1 is not necessary to induce storage lipid synthesis in Chlamydomonas cells exposed to the severe ER stress induced by tunicamycin treatment. Similarly, lipid droplet formation under ER stress was reported to be Ire1-independent in yeast (Fei et al., 2009 ).
CrIRE1-mediated gene expression under ER stress
The ER stress-induced expression of BiP1, CAL2, Sar1 and SEC61G, which are upregulated during ER stress in Chlamydomonas (Perez-Martin et al., 2014), was much lower in the two ire1 mutants than in their parental line. This result supports a role for CrIRE1 in the ER stress response of Chlamydomonas. The ER-resident oxidoreductase ERO1 and the protein disulfide isomerases PDI6 and Rb60 are an important component of the protein-folding process. Tunicamycin induced the expression of ERO1, PDI6 and Rb60, and the extent of the induction was much lower in the ire1 mutants than in CC-4533 (Figure 7 ), suggesting that CrIRE1 might tightly regulate the expression levels of genes involved in disulfide bond formation. It has been reported that the upregulation of genes involved in disulfide bond formation promotes protein folding and consequently leads to recovery from ER stress (Frand and Kaiser, 1998) . Thus the defective expression of these genes in the mutants may have contributed to the tunicamycinsensitive phenotypes of the ire1 mutants. Although the expression of ER stress marker genes was induced less in the ire1 mutants than in their parental line in response to tunicamycin treatment, as described above, a marker gene of autophagy, ATG8, was induced to a similar extent in the mutants and their parental line (Figure 7, bottom right) . Similarly, in yeast, Ire1p and its downstream transcription factor Hac1 are not necessary to induce Atg8 expression under ER stress conditions (Bernales et al., 2006) . Further analysis is necessary to clarify whether or not CrIRE1 is involved in the autophagy induced by tunicamycin treatment in Chlamydomonas. In summary, we successfully isolated two ire1 knockdown mutants of Chlamydomonas and used these mutants to establish CrIRE1 as an essential component of the ER stress response in Chlamydomonas. In addition, we described the responses induced by ER stress in this model microalga. Thus, we provided basic knowledge and genetic tools to study ER stress in microalgae. Further research on the ER stress response mediated by CrIRE1 may provide insight into the mechanisms by which numerous environmental, physiological and pathological phenomena induce the ER stress response in microalgae.
EXPERIMENTAL PROCEDURES Strains and culture conditions
The Chlamydomonas strains CC-4533 (cw15 mt À ) and CC-5155 (cw15 mt + ), and ire1 mutants (ire1-1, LMJ.RY0402.209343; ire1-2, LMJ.RY0402.122895; Li et al., 2016) , were obtained from the Chlamydomonas Genetics Center (https://www.chlamycollection. org). Chlamydomonas cells were cultured in an Erlenmeyer flask containing Tris-acetate-phosphate (TAP) medium (Harris, 2009) ) with shaking at 160 rpm. Cells in the exponential growth phase (3 9 10 6 cells ml
À1
) were treated with tunicamycin (T7765, SigmaAldrich, https://www.sigmaaldrich.com) diluted from a 5 mg ml À1 stock in 0.05 N NaOH, dithiothreitol (DTT; Duchefa Biochemie, https://www.duchefa-biochemie.com) diluted from a 1 M stock in water, or BFA (LC Laboratories, https://www.lclabs.com) diluted from a 10 mM stock in dimethyl sulfoxide (DMSO). Cell growth was monitored by counting the total number of cells immobilized in 1% low-gelling agarose (A4018; Sigma-Aldrich). Dead cells were stained with 2 lg ml À1 propidium iodide for 15 min in the dark, as described in Kim et al. (2015) , and cells immobilized in 1% lowgelling agarose were counted under fluorescence microscopy with a tetramethylrhodamine (TRITC) filter. For experiments testing the effect of GSH on growth recovery, approximately 800 cells in the exponential growth phase were streaked on TAP medium containing 0.1 mg ml À1 tunicamycin supplemented with 0, 1.25 or 2.5 mM GSH (L-glutathione reduced; Sigma-Aldrich).
Protein database searches and sequence alignments
The Chlamydomonas protein sequence of the ER stress factor was screened for homologs of ER stress factors in Arabidopsis, yeast and human IRE1s using BLASTP implemented in Phytozome v12 (http://phytozome.jgi.doe.gov/pz/portal.html) (Merchant et al., 2007) . IRE1 candidates were collected by BLASTP using the kinase and RNase domain of IRE1 genes. The reference protein database was modified from the NCBI RefSeq database to reduce taxonomic bias. To filter out IRE1 paralogs from IRE1 candidates, we selected only the proteins with a domain composition and phylogenetic position matching those of verified IRE1 genes. CD-SEARCH (Marchler-Bauer et al., 2011) was applied to predict the domains of IRE1 genes. The proteins with only a low sequence similarity in the conserved domains were manually compared with other chlorophyte IRE1 sequences. From the BLASTP result, we precisely chose the blast-hit regions and confirmed those matched sequences using CD-SEARCH. Finally, all IRE1 sequences were aligned using MAFFT 7 (Katoh and Standley, 2013) .
Phylogenetic tree analyses
The final alignment of IRE1 was trimmed using automated trimming options in TRIMAL (Capella-Gutierrez et al., 2009) to improve alignment quality. The maximum-likelihood (ML) phylogeny was reconstructed using IQ-TREE (Nguyen et al., 2015) with 1000 ultrabootstrap replications. The evolutionary model was automatically selected: LG (named after Le and Gascuel, 2008) , empirical base frequencies (F), allowing for a proportion of invariable sites (I) and the four-class gamma-distributed rate heterogeneity (G) model (LG+F+I+G4) were used, based on the model test provided in IQ-TREE. The sequence accession numbers are shown in Figure S3 and Table S2 .
Complementation of yeast ire1 mutants
CrIRE1 cDNA was codon-optimized and additional EcoRI and XbaI sites were inserted before the start codon and after the stop codon, respectively (Bioneer, South Korea). Codon-optimized CrIRE1 and Ire1p of Saccharomyces cerevisiae were inserted as EcoRI-XbaI fragments into pYES2 (Life Technologies, now ThermoFisher Scientific, https://www.thermofisher.com) to generate pYES2-CrIRE1 and pYES2-ScIRE1, respectively. A 3 0 terminal fragment of CrIRE1 lacking the TZF domain was amplified by PCR, and the resultant fragment was inserted into the BstXI and XbaI sites of pYES2-CrIRE1 to produce pYES2-CrIRE1ΔTZF. An S. cerevisiae Dire1strain KMY1515 (Okamura et al., 2000) was transformed with pYES2-CrIRE1, pYES2-CrIRE1DTZF, pYES2-ScIRE1 and pYES2 (a vector control), and then grown on yeast extract, peptone, adenine (YPA) medium containing 2% galactose, with or without 0.2 lg ml À1 tunicamycin to evaluate their sensitivity to ER stress.
For the chimeric protein complementation assay, a 5 0 terminal fragment of CrIRE1 was amplified and cloned into the EcoRI and BamHI sites of pCh2-b (Okushima et al., 2002) to yield pRS313-CrIRE1/ScIRE1. The 3 0 terminal fragments of CrIRE1 with or without the TZF domain conjugated with the 3 0 untranslated region (UTR) of ScIRE1 were amplified and cloned into the XbaI and SphI sites of pRS313-ScIRE1 (Okamura et al., 2000) to produce pRS313-ScIRE1/CrIRE1 and pRS313-ScIRE1/CrIRE1DTZF, respectively. KMY1515 cells were transformed with pRS313-CrIRE1/ScIRE1, pRS313-ScIRE1/CrIRE1, pRS313-ScIRE1/CrIRE1DTZF, pRS313-ScIRE1 or pRS313 (a vector control), and grown on YPDA medium with or without 0.2 lg ml À1 tunicamycin to evaluate their sensitivity to ER stress.
Western blot analysis
Anti-CrIRE1 antibody was generated against a synthetic peptide containing the 22 amino acids located at the N terminus of CrIRE1 (EGDTLSRAGRSLAEYRPHALES). Rabbits were injected with the peptide for the production of anti-CrIRE1 polyclonal antibody (Young In Frontier, South Korea). To detect CrIRE1 expression, total protein was extracted from transgenic yeast strains and analyzed following the Western blot method previously described (Song et al., 2004) .
b-Galactosidase assay
To measure UPR induction, the b-galactosidase activity of KMY1515 cells harboring pRS313 (vector control), pRS313-CrIRE1/ ScIRE1 or pRS313-ScIRE1 was assayed following a previously described method (Mockli and Auerbach, 2004) .
Mutant isolation
Genomic DNA was isolated by phenol chloroform extraction (Sambrook et al., 1989) . For genotyping, the primer sets shown in Table S1 were used.
Chlorophyll measurement
Cells were extracted in 80% acetone and cell debris was removed by centrifugation at 14 000 g for 5 min. The absorbance of the supernatant was measured with a Shimadzu UV-1800 spectrophotometer (https://www.shimadzu.com), and the total chlorophyll concentration of the samples was determined according to Porra et al. (1989) .
Genetic analysis
For the tetrad analysis, the ire1 mutants in the CC-4533 (cw15 mt À ) and CC-5155 (cw15 mt + , isogenic strain of CC-4533) backgrounds were grown for 3 days on TAP agar medium, and transferred to TAP agar medium lacking a nitrogen source (-N) for 1 day. Then, cells were incubated in the TAP -N liquid medium for 2 h under illumination with agitation. Equal volumes of mt + and mt À gametes were mixed in the wells of a 24-well plate (#30024; SPL Life Sciences, http://www.spllifesciences.com). After a 2-h incubation without agitation under light, the cell mixture was plated onto TAP medium with 3% agar and incubated under darkness. After 6 days of incubation, the zygotes were plated on TAP agar medium and kept under light for a day, and germinated zygotes were dissected as described (Jiang and Stern, 2009) . Five days after dissection, colonies from each progeny were transferred onto TAP, TAP containing 10 lg ml À1 paromomycin and TAP containing 0.2 lg ml À1 tunicamycin, and the growth of the colonies was examined.
To produce diploid zygotes, we first generated two independent strains of CC-4533 (mt À ) harboring the APHVIII gene (CC-4533 #1 and #2) and three independent strains of CC-5155 (mt + ) harboring APHVII (CC-5155 #1, #2 and #3). To produce diploids, mt + and mt À gametes (ire1 mutants 9 CC-5155 #1, #2 and #3, CC-4533 #1, and #2 9 CC-5155 #1, #2 and #3) were mixed and incubated on TAP agar medium containing 10 lg ml À1 paromomycin and 10 lg ml À1 hygromycin at 23°C under continuous light. Individual diploids were picked 5 days later.
Microscopy observation
To visualize the lipid droplets, cells were stained with 1 lg ml
À1
Nile red (Sigma-Aldrich) diluted from 0.1 mg ml À1 stock solution in acetone for 20 min in darkness at 23°C, and the cells were immobilized in 1% low-gelling-temperature agarose (SigmaAldrich). Nile red fluorescence was observed using a confocal laser-scanning microscope (Olympus IX 81; https://www.olympusglobal.com) equipped with a 488-nm laser source and a 500-530-nm emission filter. Chlorophyll fluorescence was observed with excitation at 633 nm and emission from 650 to 700 nm, separately from the Nile red fluorescence.
RNA extraction and quantification
Total RNA was extracted and quantified as described previously , with a few modifications. Total RNA was isolated using homemade Trizol, and cDNA was synthesized using a RevertAid First-Strand cDNA Synthesis Kit (K1621; ThermoFisher Scientific) and 3 lg of total RNA. Quantitative RT-PCR was performed using SYBR Premix Ex Taq (Takara, http://www.takarabio.com) and the primer sets listed in Table S1 (Appendix S1). The quantitative RT-PCR results were normalized by the level of RPL17 expression (Lee et al., 2008b) , the expression level of which remained stable for 48 h of ER stress treatment ( Figure S7 ).
Lipid analysis
Chlamydomonas cells were harvested by centrifugation at 2000 g for 5 min at room temperature. Lipids were extracted and analyzed following the methods described in Kim et al. (2013) .
Glutathione assay
For total GSH analysis, a method that examines the reduction rate of 5,5-dithiobis-2-nitrobenzoic acid (DTNB) by GSH and glutathione reductase was used, as described previously (Rahman et al., 2006 and Perez-Martin et al., 2014) , with modifications. Briefly, the cells were washed with 50 mM sodium phosphate (pH 7.5), resuspended in 5% (w/v) metaphosphoric acid (SigmaAldrich) and lysed by vortexing with glass beads. The lysates were centrifuged at 15 000 g for 20 min at 4°C. Then, 10 ll of supernatant was mixed with 120 mM NaH 2 PO 4 (pH 7.5), 300 lM DTNB, 500 lM NADH, 1 mM EDTA (pH 8) and 1 U ml À1 glutathione reductase (Sigma-Aldrich). The reduction of DTNB was measured using a microplate reader (TECAN) at 412 nm. The values were normalized by protein level, as measured by a Bradford assay.
Gene accession numbers
Chlamydomonas reinhardtii genes analyzed in this study were identified in Phytozome v12 (http://phytozome.jgi.doe.gov/pz/porta l.html) under the following accession numbers:
CrIRE1, Cre08.g371052.t1.1; BiP1, Cre02.g080700.t1.2; CAL2, Cre01.g038400.t1.2; SAR1, Cre11.g468300.t1.2; SEC61, Cre16.g68 0230.t1.1; ERO1, Cre17.g723150.t1.3; PDI6, Cre12.g518200.t1.3; Rb60, Cre02.g088200.t1.2; ATG8, Cre16.g689650.t1.2 GSTS1, Cre16.g688550.t1.2; GPXH, Cre10.g458450.t1.3; GSH1, Cre02.g07 7100.t1.2; GSH2, Cre17.g708800.t1.1. Yeast genes analyzed in this study were identified in the Saccharomyces Genome Database (http://www.yeastgenome.org) under the following accession numbers: ScIRE1, S000001121.
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